ABSTRACT Aedes albopictus (Skuse) is a competent vector of arboviruses of public health importance, including dengue virus (DENV) and chikungunya virus viruses. Ae. albopictus is the primary vector of chikungunya virus in Singapore. However, despite being ubiquitous, it plays a secondary role in DENV transmission. The vectorial capacity of Ae. albopictus for DENV in Þeld settings appears to be weak because dengue primarily occurs in Aedes aegypti (L.)-dominated, urban settings of the country. As host-seeking behavior is one of the determinants of vectorial capacity, we screened 6,762 female Ae. albopictus from rural, semiurban, and urban locations in Singapore for avian and nonavian bloodmeals using two polymerase chain reaction-sequencing assays developed in-house. The majority (83.2%, n ϭ 79) of bloodmeals from rural and semiurban areas were from humans. However, Ae. albopictus was also found to feed on shrews, swine, dogs, cats, turtles, and multiple hosts in rural settings. In urban areas, all positive bloodmeals were from humans. There were no avian bloodmeals. Our Þndings testify that Ae. albopictus is highly anthropophagic even in rural settings, but become opportunistic in extremely low human abundance. This opportunistic feeding behavior warrants further investigations into the vectorial capacity of Ae. albopictus to assess its role in arbovirus transmission in endemic habitats.
urban and rural dweller, Ae. albopictus is abundant even in urban Singapore where it coinhabits with Ae. aegypti (Chow et al. 1998) . Nevertheless, major local outbreaks of dengue fever consistently occur in Ae. aegypti-dominated urban environments. Therefore, the role played by Ae. albopictus in indigenous DENV transmission is unclear.
The vectorial capacity of a mosquito species for human pathogens is determined by several factors such as mosquito population density, intrinsic incubation period of each pathogen, probability of daily survival of the vector, and host-seeking behavior (Garrett-Jones 1964) . The man-biting behavior is calculated from the human blood index and the feeding frequency of mosquitoes. The human blood index of mosquitoes, the proportion of bloodmeals taken from humans, is species-speciÞc and affected by the availability of human hosts. In contrast to Ae. aegypti, which is highly anthropophagic, Ae. albopictus is an opportunistic feeder, biting a wide range of mammal, avian, and amphibian hosts (Richards et al. 2006) . Therefore, it is plausible to hypothesize that differences in host and habitat preference, among various other factors, contribute to apparently weak vectorial capacity of Ae. albopictus for DENV in the Þeld conditions. It is thus important to understand the feeding behavior of Ae. albopictus in different habitats as a prerequisite to determine its role in arbovirus transmission in endemic settings. The study presented here was primarily aimed at envisaging the opportunistic feeding nature of Ae. albopictus, especially in semiurban and rural local habitats, where it is predominantly found. We performed pan-ßavivirus screening of Ae. albopictus to determine the mosquito positivity rate for human ßaviviruses in study habitats. Similar Þndings are important to assess the potential risk of arbovirus transmission in endemic countries inhabited by Ae. albopictus.
Materials and Methods
Adult mosquitoes were collected biweekly by outdoor sampling in two separate phases over a 20-mo period: from December 2010 to November 2011 in Þve ruralÐsemiurban locations (Phase 1), and from May to July 2012 in six urban sites (Phase 2) distributed across Singapore (Table 1 ; Fig. 1 ). Sites were chosen based on the nature of their environment (rural or urban) and purpose of land use (residential or nonresidential). Adult mosquitoes were mainly caught using BG sentinel traps with BG-Lure (BioGents, Regensburg, Germany) as a host-seeking synthetic attractant. At each location, up to 10 traps were operated for 48 h with mosquitoes being collected every 16 Ð24 h. The Centers for Disease Control and Prevention backpack aspirators were also used to sample resting mosquitoes wherever possible. Sampled mosquitoes were identiÞed using taxonomic keys (Rattanarithikul et al. 2005a,b; 2006a,b; 2007; .
Blood-engorged female mosquitoes were stored individually, while visibly nonblood-fed ones were stored in pools of 10 at Ϫ80ЊC according to trapped locations. Individual and pools of mosquitoes were homogenized in 350 l of universal transport medium using a metal bead in a mixer mill (Retsch GmbH, Haan, Germany) for 30 s at the maximum speed. The homogenate was centrifuged at 11,000 g and 300 l of the supernatant was used to extract total genomic material using the All Prep DNA/RNA Mini Kit (Qiagen GmbH, Hilden, Germany).
Two pairs of primers (Table 2) were designed manually by aligning mtDNA sequences of vertebrate species obtained from GenBank, and comparing them with identiÞed regions of 16S and 12S rRNA genes that are conserved among nonavian and avian hosts, respectively, but variable in mosquitoes. The primer sequences were searched using the BLAST tool to determine their overall speciÞcity. Thermal and secondary structure parameters were analyzed using the OligoAnalyzer 3.1 (Integrated DNA Technologies Inc., Coralville, IA) software. The primers were evaluated with DNA from 17 avian and nonavian vertebrate species found in Singapore (https://ßorafaunaweb. nparks.gov.sg). Nonavian and avian DNA was ampliÞed in separate polymerase chain reaction (PCR) assays (Supp Table 1 [online only]). Primer designing and cycling conditions (annealing temperature and number of cycles) were optimized to avoid the coampliÞcation of mosquito microbiome as well as Aedes and Culex DNA (Supp Table 2 [online only]).
Mosquito specimens were screened for ßaviviruses using the pan-ßavivirus primers published previously (Yang et al. 2010) . The 50-l PCR reaction was performed using the Qiagen One-Step RT-PCR kit (Qiagen GmbH, Hilden, Germany) with 5 l of template RNA and 0.5 M of each primer. The thermal proÞle used was as recommended by the manufacturer with the annealing at 55ЊC.
All PCR products were visualized in 2% agarose gels stained with GelRed (Biotium Inc. Hayward, CA) and were subjected to sequencing according to the BigDye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA) protocol. The consensus sequences were assembled in SeqMan II version 5.03 (DNASTAR Inc., Madison, WI) and searched against the GenBank database using the BLAST tool for genus and species identiÞcation.
Results and Discussion
In total, 9,679 mosquitoes of six genera were caught during the outdoor trapping (Supp Table 3 [online only]). There were 9,300 Ae. albopictus mosquitoes, including 6,762 females. All female Ae. albopictus from semiurbanÐrural locations (n ϭ 6525) and urban sites (n ϭ 237) were used for the bloodmeal analysis and ßavivirus screening. Visually blood-fed specimens made up 0.25% (n ϭ 16) of the total sample size trapped at semiurban and rural sites. In semiurbanÐ rural locations, all blood-engorged mosquitoes (n ϭ 16) and 12.1% of mosquito pools (79 of 651) were positive for vertebrate bloodmeals. However, only 5.1% (12 of 237) of individual mosquitoes were positive in urban residential sites. Only one bloodmealnegative Ae. albopictus pool from Lim Chu Kang was positive for DENV-2 of the cosmopolitan genotype Clade III (Lee et al. 2011) , which was the commonest DENV-2 strain in Singapore during the sampling period. Extremely low level of DENV positivity in the Þeld-caught Ae. albopictus in our study is likely to be because of the relatively low number of samples from dengue-endemic urban sites and the overall low incidence of dengue cases during the period of sample collection (Han et al. 2012) . Previous studies have shown relatively high presence of DENV in local Ae. albopictus from disease clusters during dengue outbreaks (Rudnick and Chan 1965) .
Ae. albopictus in semiurbanÐrural settings appeared to feed on a wide range of animals (Table 1) . Six samples from Sungei Buloh Nature Reserve contained blood from multiple sources, further indicating the multiple host feeding pattern of Ae. albopictus. However, our data showed that Ae. albopictus primarily fed on humans (83.2%) even in semiurbanÐrural settings, such as nature reserves where the human density is low and availability of other vertebrate hosts is relatively high. Not surprisingly, all positive bloodmeals in urban areas were of humans, the most abundant host in residential estates. These Þndings are consistent with previous reports from Cameroon (Kamgang et al. 2012) , Thailand (Ponlawat and Harrington 2005) , and Italy (Valerio et al. 2010 ) that also indicate highly anthropophagic nature of Ae. albopictus, even in relatively low abundance of humans. Interestingly, none of the Ae. albopictus bloodmeals was from avian sources, even among 602 mosquitoes collected from the Jurong Bird Park, Jurong Hill, Singapore, which shelters Ͼ5,000 birds of 380 species.
In early years, various immunological methods were used to identify sources of mosquito bloodmeals. Those include agar gel diffusion, capillary precipitin test (Tempelis 1975) , and enzyme-linked immunosorbent assays (Burkot et al. 1981 , Chow et al. 1993 . One of the main limitations of those early techniques was cross-reactivity between serum proteins of closely related host species, leading to misidentiÞcation of bloodmeal sources. Preparation of antibodies against each potential host is a laborious and difÞcult task. Moreover, the detection capacity of early antibodybased assays is often limited to order level (Lee et al. 2002) . Recently, PCR sequencing-based techniques have gained popularity because of their high speciÞcity, sensitivity, and ability to identify the source of bloodmeals even up to species level. A myriad of PCR assays have been developed to detect vertebrate blood, based on mitochondrial genes such as 12S rRNA (Woods et al. 2009 ), cytochrome oxidase subunit 1 (Hebert et al. 2004 , Townzen et al. 2008 , and cytochrome B (Ngo and Kramer 2003 , Kent and Norris 2005 , Townzen et al. 2008 . Nevertheless, PCR-based analysis of mosquito bloodmeals faces speciÞc challenges. The postbloodmeal detection window for PCR-based assays is restricted by the rate of DNA degradation during bloodmeal digestion. Their sensitivity drops drastically after 3 d of a bloodmeal, and become unusable beyond 7 d (Lee et al. 2002 , Mukabana et al. 2002 . Another obstacle with PCR assays based on universal primers is the coampliÞcation and nonspeciÞc ampliÞcation of genomic material from Þeld-caught mosquitoes and their microbiome, which results in mixed sequence patterns that make the host identiÞcation impossible (Townzen et al. 2008) . The assays presented here used two sets of primers that were designed to overcome some of these limitations. In laboratory experiments, using live mosquitoes, the assays detected bloodmeal DNA up to 3 d postfeeding. This is consistent with previous reports on the general detection period of vertebrate bloodmeal DNA using PCR (Ngo and Kramer 2003, Siriyasatien et al. 2010 ). Both assays did not amplify Aedes or Culex and mosquito microbiome DNA. Sequences of the ampliÞed products were able to determine either the genus or species of common avian and nonavian vertebrate hosts. However, the nonavian assay was not able to differentiate sources of six mixed bloodmeals (5.6%) in our sample cohort as the sequence chromatograms consisted of multiple peaks, a known problem encountered in sequence-based identiÞcation of host bloodmeals (Alcaide et al. 2009, Gomez-Diaz and Figuerola 2010) .
In the local context, very little information is available with regard to the population density, distribution, outdoor survival, pathogen susceptibility, and host preference of Ae. albopictus, partially because of the major focus on DENV and its primary vector, Ae. aegypti. The last report on the host feeding behavior of Ae. albopictus in Singapore was in late 1950s (Colless 1959) . From our Þndings, it is plausible that although host availability results in the opportunistic feeding behavior, Ae. albopictus is highly anthropophilic even where the human presence is extremely low. The opportunistic feeding on nonhuman vertebrates, high human-biting propensity, and high probability of humanÐvector interactions make Ae. albopictus a potential vector of zoonotic pathogens and arboviruses in endemic habitats. Therefore, more needs to be investigated with respect to factors that determine the vectorial capacity of Ae. albopictus, especially in urban settings, to assess its role in arbovirus and zoonotic pathogen transmission in local and other disease endemic settings.
